A rapid, convenient and accurate experimental technique has been developed for evaluating continuously, in-situ and on-line, the cure process of thermoset resins. The technique is based on the development of a small inert sensor which is used to make continuous, uninterrupted measurements of the frequency dependence of the resin's impedance in the Hz to 10 MHz region throughout the entire cure process. This technique is used to monitor the viscosity and the rate of cure of unsaturated polyester and epoxy resins both in a laboratory and a production environment. In particular, the effect of resin thickness and initiator concentration are discussed. UNSATURATED POLYESTER RESINS and epoxy resins are extensively used in the manufacture of fiber reinforced composite materials. The curing process of these materials is characterized by the time at which a number of events are observed to occur, including time to initiation of cure, time to the temperature maximum and time to gel. The determinations are often approximate and dependent on operator judgment and technique. Equally important, these parameters are at best an indirect reflection of the resin's processing window during cure, that is, the time dependence of the resin's flow properties-viscosity.
work and report on the use of DDA to quantitatively monitor the viscosity and the rate at which the resin sets.
The major objective of our work is to develop a rapid, convenient and accurate experimental technique for evaluating the cure processing properties for use both in the laboratory as well as during processing in a production environment.
In previous published reports we demonstrated how the frequency dependence of E*(w) can be used to qualitatively monitor a number of processing parameters of a curing resin [1] [2] [3] [4] [5] [6] . The key is in using the frequency dependence in the Hz to MHz range to separate and determine parameters governing ionic and dipolar mobility. In this paper we focus on using the frequency dependence of E*(w) to quantitatively monitor the viscosity and degree of cure for an epoxy. Based on these results, DDA is used to characterize the cure properties of 3 unsaturated polyester resins. Then an application of DDA for measuring cure processing parameters in a thick laminate cured in an autoclave is discussed.
EXPERIMENTAL
Dynamic dielectric measurements were made using a Hewlett-Packard 4192A LF Impedance Analyzer controlled by a 9836 Hewlett-Packard computer. Measurements at frequencies from 5 to 5 X 106 Hz were taken at regular intervals during the cure cycle and converted to the complex permittivity, E* = E' -~. Measurements were made with a geometry independent Dek Dyne DDA Sensor. 1 A detailed description of the procedure has been given elsewhere [5] .
Viscosity measurements were done using a Rheometrics System IV-dynamic mechanical spectrometer.
DSC measurements were made using a Perkin-Elmer DSC-7 differential scanning calorimeter.
The TGDDM-type epoxy resins used were Hercules 3501-6 (&dquo;catalyzed resin&dquo; in the text) and 3502 (&dquo;uncatalyzed resin&dquo;).
A general purpose commercial polyester resin was studied. The major components are alkyd resin diluted in styrene monomer which reacts at room temperature with peroxide initiator.
THEORY Measurements of C and G were used to calculate the complex permittivity 'Inquiries regarding the Dek Dyne sensor probe and the DDA instrumentation should be directed to
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This calculation is possible when using a probe whose geometry is invariant over all measurement conditions. Both the real and the imaginary parts of e* can have a dipolar and an ionic component [7] .
The dipolar component arises from diffusion of bound charge or molecular dipole moments. The frequency dependence of the polar component may be represented by the Cole-Davidson function:
where c-,, and fa> are the limiting low and high frequency values of E, T is a characteristic relaxation time and 13 is a parameter which measures the distribution in relaxation times. The dipolar term is generally the major component of the dielectric signal at high frequencies and in highly viscous media.
The ionic component, f, *, often dominates e* at low frequencies, low viscosities and/or higher temperatures. The presence of mobile ions gives rise to localized layers of charge near the electrodes. Since these space charge layers are separated by very small molecular distances on the order of A°, the corresponding space charge capacitance can become extremely large, with E' on the order of 106. Johnson and Cole, while studying formic acid, derived empirical equations for the ionic contribution to e* [8] . In their equations, these space charge ionic effects have the form where Z* = Zo(iúJt&dquo; is the electrode impedance induced by the ions and n is between 0 and 1 [6] [7] [8] . The imaginary part of the ionic component has the form where Q is the conductivity (ohm-1 1 cm-1), an intensive variable, in contrast to conductance G (ohm-') which is dependent upon cell and sample size. The first term in Equation (5) is due to the conductance of ions translating through the medium. The second term is due to electrode polarization effects. The second term, electrode polarization, makes dielectric measurements increasingly difficult to interpret and use as the frequency of measurement becomes lower.
Analysis of the frequency dependence of f*( úJ) in the Hz to MHz range is, in general, optimum for determining both Q and T. In turn, the ionic parameter, a, and the dipolar parameter, T, are directly related on a molecular level to the rate of ionic translational diffusion and dipolar rotational mobility [7] . RESULTS 
AND DISCUSSION
The frequency dependence of the real and the imaginary parts of the complex permittivity are used to determine a and T, the ionic and dipolar contributions to f*. These parameters are measured during cure as a function of time and in turn related to degree of rure for an isothermal epoxy cure. The dependence of Q and T on degree of cure, a, is shown in Figure 1 and Figure 2 . As expected, for similar degrees of advancement of the reaction a, the ionic mobility as measured by Q increases with temperature. Similarly the dipolar mobility increases with temperature. An increase in dipolar mobility corresponds to shorter relaxation times.
Thus T decreases as temperature increases.
The rate of change of log a with time and cx drops by several orders of magnitude once the advancement of the reaction approaches the point where 7g = 7~~. The point at which duldt and dalda drops sharply is 7~. The values of a at this point, .72 at 165 °, .80 at 180°, and .88 at 195 are in good agreement with our aTg values determined by DSC scans.
The correlation during cure of -log Q with log 77 (viscosity) and the ability to use frequency dependent f*(úJ) measurements to determine a, thereby accurately detecting points of maximum flow during cure, was first shown several years ago [2, 3] . The qualitative correlation of -log Q and log 77 is clearly demonstrated in Figure 3 . The quantitative relationship of log Q and log 17 is shown for an isothermal cure in Figure 4 . To a first approximation one might look for a plot of log (Q) vs. log (~) to be linear. Figure 4 shows that there is a break in the Q ri depen- Figure 6 . Log f x frequency vs. time for an unsaturated polyester resin. Cure run I: . 75 mils thick, .50% initiator Cure run II: .75 mils thick, 1.00% inidator, Cure run III: 1.75 mils thick, 1.00% initiator. dence as the resin approaches a viscosity of 103 poise, a value associated with gel.
The relation of log T to log q is shown in Figure 5 . The relationship is indeed approximately linear.
As an application of these epoxy studies, we now examine the cure processing window of an unsaturated polyester as a function of initiator concentration and thickness. Figures 6 and 7 are plots of e* x frequency for three unsaturated polyester cure runs. Run II differs from run I only in that the initiator concentration was increased 50%. Run III differs from II only in that the thickness was doubled. Also shown is the temperature. The figures clearly show the onset of cure as indicated by the increment in e* X f with time. This time is in good agreement with the onset of the temperature rise. Both are an accurate measure of the onset of cure. The figures also show that the cure reaction has stopped for resin III after 100 minutes, while resins I and II are still reacting after 1000 minutes as shown by their continued drop in e* x f. The time dependence of temperature cannot be used to detect the termination of the reaction as it reflects the time needed for temperature equilibration with the surroundings.
The time at which e &dquo; reaches a maximum for the 500 kHz, 50 kHz and 5 kHz signal can be used to determine the elapsed time at which the relaxation time T has a value of (27r/)'B Thus these three frequencies permit determination of 3 values of T over 3 decades. Given the epoxy results, it is reasonable to assume that a particular value of T corresponds to the same value of the viscosity for each cure run. The elapsed time needed to achieve this value of T, then corresponds to the time at which the resin has the corresponding viscosity. Table 1 summarizes these elapsed times. The results show that the time for the resin to achieve the shortest relaxation time (500 kHz, undoubtedly corresponding to a time close to maximum flow), occurs at 62 minutes in cure I, 58 minutes in cure II and 41 minutes in cure III. Further, the additional time needed for the relaxation time to increase by a factor of 100 (5 kHz) is 27 minutes in cure I, 19 minutes in cure II and 3 minutes in cure III. Thus increasing the initiator concentration 50 % increased the rate of cure 50 % ; however, doubling the thickness increased the cure rate by 600 %. Overall the DDA data provides an insightful and precise representation of the point of high flow and particularly the rate at which the processing window collapses and the resin sets.
Finally, Figure 8 shows the results of an application of this type of analysis to measure log a, and thereby viscosity, during cure as a function of position in a thick laminate. The data were taken on a 192 ply TGDDM epoxy graphite laminate during cure in a 4 by 8 foot production size autoclave.
CONCLUSION
Frequency dependent dielectric measurements using impedance bridges in the Hz to MHz region are ideal for separating and measuring the ionic (a) and di- Table 1 . Cure properties of polyester resin. polar (T) mobility. The value of Q and T can be used to quantitatively monitor the viscosity. DDA measurements are ideally suited for conveniently and rapidly evaluating the cure processing properties of composite resins both in the laboratory and in production.
